Immunocytochemical studies of the distribution of glucagon, gastrin, insulin, and somatostatin in normal canine pancreatic islets and 20 canine islet cell tumors were done using the peroxidase-anti-peroxidase (PAP) technique. In the normal adult canine pancreas, islets typically consisted of clusters of 20-30 cells, but smaller foci and even individual cells were identified. Alpha cells (glucagon) were often peripherally located, beta cells (insulin) were centrally located and most numerous, and delta cells (somatostatin) were the least numerous and randomly located. Both juvenile and adult canine pancreases did not stain for gastrin. Of the 20 tumors examined, 18 had positive immunoreactivity for insulin, nine for glucagon, 14 for somatostatin, and one for gastrin. Two tumors were uninterpretable due to autolysis. Three tumors were pure insulinomas, but no pure somatostatinomas, glucagonomas, or gastrinomas were identified. Most tumors and metastases had mixed positive immunoreactivity; one neoplastic cell type predominated with lesser numbers of other cell types. Metastatic sites (liver and lymph node) stained for insulin and somatostatin, only. Foci of non-neoplastic islet cell tissue (nesidioblastosis), often located at the pancreatic-mesenteric junction, stained strongly positive for insulin, glucagon, and somatostatin but not for gastrin. The tumor staining pattern did not consistently correlate with tumor function, as determined by blood glucose and serum insulin assays. The PAP technique works well on paraffin-embedded, formalin-fixed tissue using rabbit or guinea pig antisera as the primary antibody. Staining occurred on sections of paraffin blocks stored for up to 7 years.
Pancreatic endocrine tumors could previously only be classified as p and non-p-cell tumors by either conventional light microscopy with special stains or by electron microscopic identification of specific secretory granule morphology. Pancreatic islet cell tumors can be classified by the immunocytochemical demonstration of specific antigens representing the various pancreatic polypeptide hormones. The technique is also useful in identification of metastatic neoplasms of presumed pancreatic endocrine origin. Retrospective studies using formalin-fixed, paraffin-embedded tissue are now possible using the PAP immunocytochemical technique.
Embryologically, the endocrine and exocrine cells of the pancreas have a common endodermal origin arising from ductal structures branching from the primitive foregut.4,s, 16, 18, 24, 56 Pluripotent cells within the fetal pancreatic ducts proliferate, evaginate, detach from the duct and vascularize to form individual islet^.^,^^,^^ Endocrine cells can occasionally be seen interposed between exocrine ductal epithelial cells, even after the islets are fully formed.8J6, 24, 40, 55 Pancreatic islet cells were once thought to be of ectodermal origin since they concentrate and decarboxylate amine precursors (APUD cell^);^^^^^^^ this concept has been d i~p r o v e n .~,~~
The immunocytochemistry of the normal endocrine pancreas has been well-described in man16x21,47g55,61 and less so in anima1s.5,6J7,22*25,3 Six hormones have been identified immunocytochemically in the normal adult islets of Langerhans of man: insulin, glucagon, somatostatin, gastric inhibitory polypeptide (GIP), vasoactive intestinal polypeptide (VIP), and pancreatic polypeptide (PP). 16, 21, 56, 61 Insulin, glucagon, somatostatin, and pancreatic polypeptide have been demonstrated by light microscopy with special stainsY4J8J9 ultrastructurally,9~1s~1g~36~57 or immunocytochemi-ca11y22,25,33 in the dog pancreas (Table 1 ). G cells containing gastrin have been identified immunocytochemically in the human fetal and neonatal pancreas, but are absent in normal mature islet cell populat i o n~.~~,~~,~~,~~ G cells are normally found in the mucosa of the pyloric antrum and proximal duodenum of man47,48 and the adult Islet cell tumors are uncommon in man and can cause a variety of clinical ~y m p t o m s ;~~,~~,~~ however, many are poorly functional or non-functional and are often clinically ~i l e n t .~J~,~~ Insulinomas are the most frequently occurring pancreatic endocrine neoplasm of mans6 followed by gastrinomas.8J6 Ninety percent of insulinomas are whereas the majority of the less frequently occurring pancreatic endocrine neoplasms are malignant.8J6,56 Malignant pancreatic endocrine tumors are more often hormonally actives6 and usually metastasize to liver and lymph n~d e .~,~~ 54 and rat~60,62 and less frequently glucagon, insulin, and somatostatin in the normal adult canine pancreatic islets and evaluates their presence in 20 tumors of canine islets, both primary and metastatic. We also compare the relationship between immunocytochemical reactivity and functional activity of the tumors, fixation with formalin versus Bouin's solution on antigen preservation, and antigen preservation between older and more recently accessioned cases.
Materials and Methods
The 20 dogs were of various breeds, but large breeds predominated. Four of the 20 dogs were Irish setters and two each were German shepherd dogs, golden retrievers, and Afghan hounds. The ages ranged from 6 to 13.6 years with an average of 9.1 years. Eleven of the dogs were female and nine were male. Sixteen dogs had documented hypoglycemia and nine dogs had hyperinsulinism at various times during their clinical evaluations ( Table 2) .
Material was randomly selected from the files of the pathology department at the New York State College of Veterinary Medicine. Paraffin blocks of 20 pancreatic islet cell tumors, including primary and metastatic sites, from 1978 to 1985 were examined. Pancreatic islet cell tumors were classified as either adenomas or carcinomas by their histologic appearance and evidence of metastasis. 12,32 Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 pm, and stained with hematoxylin and eosin (HE). Sections of hepatic metastases were also stained with Hall's bilirubin, periodic acid-schiff, Prussian blue, and Ziehl-Neelsen stains.
To demonstrate gastrin, insulin, somatostatin, and glucagon in normal tissue we used juvenile and adult canine pancreas, adult subhuman primate pancreas, and adult human pancreas. To demonstrate gastrin immunoreactivity we used normal canine pyloric antrum. As well as the 20 canine islet cell tumors, we stained five other tumors (mixed mammary gland tumor, sweat gland adenocarcinoma of the footpad, ceruminous gland adenocarcinoma, bronchiolo-alveolar carcinoma, and cholongiocarcinoma). Canine pancreas and pyloric antrum were fixed in either 10% neutral buffered formalin or Bouin's solution. Human and subhuman primate pancreas and five other non-islet carcinomas were fixed in 10% neutral buffered formalin only. All control tissues were sectioned at 4 pm and stained with HE.
Immunocytochemical staining was done using Sternberger's unlabeled peroxidase-anti-peroxidase (PAP) technique,61 using commercial immunoperoxidase kits (Dako PAP Kit@, Dako Corp., Santa Barbara, CA), with only slight modifications of the manufacturer's directions. All tissues for immunocytochemical staining were sectioned at 4 p m and mounted on resin-coated glass slides and deparaffinized, at room temperature, in toluene and xylene followed by sequential baths in graduated alcohols to distilled water. After deparaffinization, slides were incubated with 3% hydrogen peroxide for 5 minutes and rinsed in phosphate buffered saline (PBS), pH 7.2, for 5 minutes. Slides were then incubated with normal swine serum for 20 minutes. Excess swine serum was gently tapped off the slide and then slides were incubated in humidified chambers at 4 C for 18-24 hours with either: 1 : 200 guinea pig anti-porcine insulin, or 1 : 300 rabbit anti-human somatostatin, or 1 : 300 rabbit anti-porcine glucagon (Dako Corp., Santa Barbara, CA), or 1 : 1,000 rabbit anti-human gastrin (Immunonuclear Corp., Stillwater, MN). Working dilutions of insulin, glucagon, and somatostatin were supplied by the manufacturer; whereas, gastrin was diluted 1 : 1,000 in PBS. Slides were then washed in PBS for 20 minutes and sequentially incubated for 20 minutes with swine anti-rabbit antisera and rabbit PAP with an intervening 20 minute bath in PBS. Slides were incubated for 40 minutes with the chromagen, 3-amino-9-ethylcarbazole, rinsed in distilled water and counterstained with Mayer's hematoxylin. Slides were coverslipped with a 9 : 1 dilution of glycerol and PBS mounting media.
Sections of non-islet epithelial neoplasms were processed to evaluate antigen specificity of the antisera and to compare the degree of non-specific background staining. Negative controls consisted of incubating normal canine pancreas, pyloric antrum, and non-islet epithelial neoplasms with non-immune sheep or rabbit serum instead of the primary antibody.
Immunoreactivity for each primary antibody was graded on a scale of 1-4+ reflecting the estimated percentage of stained cells within the tissue section: 1 + (0-24%), 2+ (25-@yo), 3+ (50-74%), 4+ (75-1009'0). Staining intensity was graded as weak (W), moderate (M), or strong (S).
Serum insulin values were determined by radioimmunoassay. Quantitative enzymatic determination of blood glucose concentrations using the hexokinase method (Worthington StatzymeO, Cooper Biomedical, Freehold, NJ) were used.
Results
Nineteen of the tumors were diagnosed by routine light microscopy as carcinomas and one adenoma. Metastasis to either the liver and/or regional lymph node was present in seven of 20 dogs.
Light microscopy. Primary tumors were either discrete, focal, sharply delineated, expansile masses surrounded by a thin connective tissue capsule, or multilobular, poorly encapsulated masses which infiltrated the adjacent exocrine parenchyma. Invasion of the capsule and entrapment of exocrine ducts and parenchyma was common. Most primary masses were surrounded by varying amounts of normal pancreatic parenchyma. The center of several tumors was mildly autolyzed, and two tumors were mildly, diffusely autolyzed. Tumor cells were tightly packed and divided into small islands by a fine fibrovascular stroma. Neoplastic cells were mildly pleomorphic, oval to polyhedral, with prominent round pale basophilic nuclei with a stippled chromatin pattern and abundant pale eosinophilic granular cytoplasm. The mitotic rate was low.
Metastasis was usually multifocal to the liver and focal to the regional lymph nodes. Metastatic tumors were poorly to non-encapsulated and identical in histologic appearance to the primary neoplasm. Hepatocytes adjacent to hepatic metastases contained a brown, coarsely granular, cytoplasmic material. This granular material stained with periodic acid-Schiff stain, but not with Halls bilirubin, Prussian blue, and Ziehl-Neelsen stains.
Clusters of non-neoplastic islet cells (nesidioblastosis) were occasionally present in the mesentery at the pancreatic-mesenteric junction (Fig. 7) , or adjacent to or entrapped within the fibrous connective tissue capsule of the primary tumor. On initial inspection of hematoxylin and eosin (HE)-stained sections, these foci were either inconspicuous or evaluated as neoplastic islet cells.
Imrnunocytochemistry. Canine pancreatic islets typically consisted of discrete clusters of 20-30 cells within the exocrine parenchyma, but smaller foci and individual cells could be identified immunocytochemically ( Fig. 1 ). Occasionally, individual cells between exocrine ductal epithelial cells (Fig. 2) or small clusters of 2-4 cells within connective tissue adjacent to the exocrine ducts ( Fig. 3) stained. Alpha cells (glucagon) were generally peripherally located, but could be found Table 3 . Immunoreactivity of 20 canine islet cell tumors: staining intensity* and gradet in primary tumors and metastases. Adult subhuman primate and human pancreas exhibited a staining pattern for each hormone identical to the adult canine; however, the size and number of the islets varied between species. Juvenile canine pancreas contained fewer and smaller islets than adult canine pancreas and therefore was a poor choice for control tissue. Formalin fixation yielded more intense positive staining than did fixation with Bouin's solution. Increasing the incubation time for the primary antibody resulted in increased non-specific background staining.
Tissue from the non-islet epithelial neoplasms exhibited mild diffise non-specific background staining but was devoid of specific staining.
Islet cell tumors.
Immunocytochemical results for the 20 primary tumors and metastatic sites are listed in Table 3 . In general, cells at the periphery of a solitary s et al.
mass and at the periphery of individual lobules of neoplastic tissue stained strongest ( Figs. 9, 10 ). Tumors did not stain diffusely or evenly. The centers of many tumors did not stain, or stained very poorly. All tumors contained a variable number of cells which did not stain for any hormone. Autolytic tumors (2/20) stained poorly and were impossible to interpret although insulin immunoreactivity was least affected by autolysis. Clusters of immunoreactive cells at the interface of the tumor and surrounding normal exocrine pancreatic parenchyma were considered entrapped normal islet cells. Islet cells in normal pancreatic parenchyma, surrounding the primary tumor, stained for glucagon, insulin, and somatostatin comparably to islets in normal controls. Staining of these islet cells was generally stronger than that of neoplastic cells.
All non-autolyzed primary tumors (1 8/20) and metastases had positive insulin immunoreactivity ( Table  3) . Fourteen of 18 non-autolyzed tumors also had positive immunoreactivity for somatostatin, nine for glucagon and one for gastrin. Most primary tumors (15/ 18) and metastases (5/8) had mixed positive immunoreactivity; one neoplastic cell type predominated with lesser numbers of other immunoreactive cell types. The majority of primary tumors with insulin immunoreactivity (1 311 8) contained L 50% cells moderately to strongly stained ( Table 4 ). The majority of primary tumors with gastrin, glucagon, or somatostatin immunoreactivity contained I 24% cells moderately to strongly stained. One of 18 tumors had mixed immunoreactivity for insulin, glucagon, somatostatin, and gastrin, 71 18 for insulin, glucagon, and somatostatin, 6/18 for insulin and somatostatin, and 1/18 for insulin and glucagon. Three primary tumors were pure insulinomas, but no pure gastrinomas, glucagonomas, or somatostatinomas were identified.
The staining pattern and intensity of metastatic sites usually paralleled that of the primary tumor. Often, primary sites contained a population of immunoreactive cells not present in the metastatic site. The reverse was never found. Staining of metastases, particularly hepatic metastases, was usually weaker. Metastatic sites had positive immunoreactivity for insulin ( Fig. 11 ) and/or somatostatin (Fig. 12 ), but not for glucagon or gastrin.
Strong immunocytochemical staining of granular material within the cytoplasm of hepatocytes, particularly those directly adjacent to neoplastic cells, was seen with some kits. This was thought to be spurious as the adjacent metastatic islet tissue was frequently negative. Staining of sections of hepatic metastases and normal canine liver, with or without incubation with hydrogen peroxide, followed by sequential incubation with certain lots of rabbit peroxidase-anti-peroxidase (PAP) and the chromagen alone resulted in an identical staining pattern. This pattern of hepatocyte staining in normal canine liver and hepatic metastases was abolished when rabbit PAP was preabsorbed with rat liver powder. Areas of nesidioblastosis were very prominent ( Fig.  8 ) and contained cells with strong immunoreactivity for insulin, somatostatin, and glucagon with a distribution and percentage comparable to that of normal islets. These areas were uniformly negative for gastrin immunoreactivity .
There was little correlation between the degree of insulin immunoreactivity and functional activity of the tumors based on the degree of hyperinsulinism and/or hypoglycemia.
Discussion
Composition, percentage, and distribution of cells within the canine islet has been evaluated by light microscopy with special stains4JsJ9 and electron microscopy.9J8J9,36*57 The immunocytochemistry of the normal canine pancreas has been r e p~r t e d .~~,~~,~~ The percentage and distribution of the different cell types within the adult canine islet of this study concur with previous rep~rts.~J~J~Endocrine cells within and around pancreatic exocrine ducts and scattered individual and small clusters of endocrine cells within the exocrine parenchyma have been reported in dogs,33 and other species. 22, 60 Dogs with spontaneous islet cell tumors are usually between 5 and 12 years age (mean age 9 years). There is no sex Carcinomas are more frequent than adenomas, 13,32,35 metastasis to the liver and regional lymph nodes is ~o m m o n ,~,~~ and they are usually hormonally active. I 2 x 3~ Canine pancreatic islet cell tumors (diagnosed by a combination of clinical symptoms, blood hormone assays, and light and electron microscopic examination) are usually of @-cell oTigin ,12,29,30,32,35,38,49 but gastrin-secreting islet cell tumors producing the Zollinger-Ellison syndrome have been rarely r e p~r t e d .~~,~~,~~,~~ Somatostatinomas, glucagonomas, vipomas, or PP-omas have not been reported in dogs or other domestic species.
The majority of tumors in this retrospective study had mixed immunoreactivity, as has been seen in man,2,3,27,39,44,45,53 the d~g ,~,~~ guinea pig, rat,60,62 polar bear,' and a greater bushbaby. 28 The cellular composition of spontaneous pancreatic neoplasms in the dog7,42 and induced pancreatic endocrine tumors in the guinea pig" and rat60 is similar to that of man. 2, 3, 27, 39, 44, 45, 53 Contrary to recent reports of islet cell tumors in dog^^,^^ and rats,62 many tumors in this study contained cells with positive immunoreactivity for glucagon. No pure gastrinomas, somatostatinomas, or glucagonomas were identified in this study. These less frequently occurring pancreatic endocrine neoplasms may occur in the dog and other domestic species; because many are asymptomatic or have vague clinical symptoms, ante-mortem diagnosis would be very unlikely.
As in man,2,27,45 rats,62 and dogs,7 tumors did not stain evenly and cells at the periphery of a solitary mass or individual neoplastic lobules stained best. Cells in the center of a tumor may not stain because they were poorly or were hypoxic, having functioned at a lowered metabolic rate, and not synthesized granules (F. P. Kuhajda, personal communication). Furthermore, these tumors may be poorly differentiated and not synthesizing secretory granules; they may be degranulated or they may be producing a pro-hormone or structurally altered hormone which does not bind to the primary antibody. 45 The lack of correlation between insulin immunoreactivity and functional activity may have several similar explanations. Tumor cells may produce a hormonal precursor or structurally altered hormone which may be functionally inactive but still bind immunocytochemically; the reverse may equally occur. Furthermore, the tumors may be degranulated both the release of insulin and clinical symptoms are episodic in man and dogs with insulinomas, and therefore a single biopsy may not correlate immunoreactivity with function.
In man, approximately 50% of the endocrine pancreatic neoplasms have been demonstrated immunocytochemically to be m u l t i h o r m~n a l .~,~~,~~~~~,~~,~ One cell type predominates and is usually associated with the corresponding clinical ~y n d r~m e .~,~,~,~~,~~,~ The combination of clinical syndromes or sequential syndromes occurs, but is very rare.3,s,27,39 Since most tumors in man are multihormonal, the preferred nomenclature is that of "pancreatic endocrine neo-plasm" followed by the functional activity (e.g., gastrin-producing), based on the predominating clinical symptoms and/or elevation of serum hormone 1eve1s. 27, 44, 45 In human pancreatic endocrine neoplasms, different tumor cells containing different secretory gran-~l e s ,~~~~~~~~i n d i v i d u a l tumor cells containing two or more types of secretory granule^,^^^^ or composite endocrine and exocrine cells have been identified with electron and immuno-electron micro~copy.~~ Multiple hormones have also been detected in an individual tumor with radioimmunoassays of tissue extract^.^^^^^^^^,^^ Since these endocrine tumors contain more than one cell type and can produce more than one hormone may indicate that they are poly-or monoclonal in or@n.3,59,61 Multiple endocrine cell types, composite exocripe and endocrine cells, or even gastrin-producing cells (not found within the adult pancreas) can occur within an individual neoplasm, since they all share a common origin. The ability to produce individual polypeptide hormones probably represents a terminal differentiation event of a pluripotent stem ce11. 3, 44, 45, 59 Even after birth and into adult life, islet cells can proliferate either from pluripotent cells of the exocrine ducts (nesidioblast~sis),~J~~~~~~~~~~~~~ or by mitosis of preexisting, functional islet cells (hyperplasia).8 The term nesidioblastosis was originally used to describe an apparent islet cell proliferation associated with a syndrome of hypoglycemia in neonatal infants. 8, 24, [40] [41] [42] [43] [44] [45] The term is also used to describe neoformation of islet cells seen in association with pancreatic endocrine neop l a s m~,~~,~~,~~,~~ or secondary to injury such as chronic necrotizing p a n c r e a t i t i~.~~,~~,~~ Usually all cell types of the islet are represented with a normal distribu-Nesidioblastosis is hereto unrecognized in the veterinary literature. Islet cell hyperplasia, secondary to pancreatic atrophy, fibrosis, and pancreatitis, has been described in rats.59,60 These non-neoplastic proliferative changes can be difficult to differentiate histologically from spontaneous or induced pancreatic endocrine neoplasms with routine hematoxylin and eosin (HE)-stained sections. Immunohistochemically stained foci of nesidioblastosis, in this study, were striking in comparison to the surrounding pancreatic parenchyma or neoplasm, and contained cells stained strongly, in a pattern and distribution comparable to that of normal islets.
Certain lots of rabbit peroxidase-anti-peroxidase (PAP) resulted in non-specific staining of hepatocytes. The PAP complex may selectively bind to filaments within the cytoskeleton. Hepatocytes adjacent to metastatic foci are often compressed, may have altered cytoskeletal elements, and therefore stain to a greater degree (R. A. DeLellis, personal communication). fion+27, 37, 40, 44, 45 The PAP technique is specific for dog and subhuman primate pancreas using rabbit and guinea pig antisera to both human and porcine antigens which we have tested. It works reliably on formalin-fixed, paraffinembedded tissue but is unreliable on autolyzed tissue. Slides from paraffin-embedded, formalin-fixed tissue stored for up to 7 years stained as strongly as currently accessioned cases, suggesting little to no loss of antigenicity over a several year time span. Some authors state that Bouin's solution is the preferred fixative for immunocytochemical evaluation of pancreatic tissue.61 Others state that either Bouin's solution or formalin can be In this study, formalin was preferred. Biopsy or necropsy specimens of islet cell tumors often include normal surrounding pancreatic parenchyma which serves as a built-in positive control. Gastrin antibody was unstable when diluted beyond 1 : 1,000 in phosphate buffered saline (PBS) and stored at 4 C for periods exceeding 7 days. The reaction product is stable for several months, but slight fading can be expected with time. 15 The unlabeled PAP immunocytochemical technique is a valuable aid in the diagnosis and classification of pancreatic endocrine neoplasms and in identification of distant metastases of pancreatic endocrine origin in the dog. In our and other's experience, insulin is usually present in both primary and metastatic sites and therefore seems to be a good marker for pancreatic endocrine neoplasms in the dog.7,42 The technique is also useful in distinguishing islet cell hyperplasia or nesidioblastosis from true neoplastic proliferation of islet cells.
